The millimeter-wave rotational spectra of the 13 C isotopic species of the CCCCH and CCCN radicals and CCC 15 N were measured and the rotational, centrifugal distortion, and spin-rotation constants determined, as previously done for the normal isotopic species ͓Gottlieb et al., Astrophys. J. 275, 916 ͑1983͔͒. Substitution ͑r s ͒ structures were determined for both radicals. For CCCN, an equilibrium structure derived by converting the experimental rotational constants to equilibrium constants using vibration-rotation coupling constants calculated ab initio was compared with a large-scale coupled cluster RCCSD͑T͒ calculation. The calculated vibration-rotation coupling constants and vibrational frequencies should aid future investigations of vibrationally excited CCCN. Less extensive RCCSD͑T͒ calculations are reported here for CCCCH. The equilibrium geometries, excitation energies ͑T e ͒, and dipole moments of the A 2 ⌸ excited electronic state in CCCN and CCCCH were also calculated. We estimate that T e ϭ2400Ϯ50 cm Ϫ1 in CCCN, but in CCCCH the excitation energy is very small (T e ϭ100Ϯ50 cm CCN from the millimeter-wave rotational spectra.
I. INTRODUCTION
The carbon chain radicals CCCCH ͑butadiynyl͒ and CCCN ͑cyanoethynyl͒ were first detected in the gas phase with a radio telescope 1, 2 in the molecular envelope of the carbon-rich star IRCϩ10216, and these isoelectronic radicals were subsequently observed in low pressure laboratory gas discharges 3 . By analogy with the simpler homologs CCH and CN, the electronic ground states of CCCCH and CCCN are expected to be 2 ⌺, and the microwave spectra of both confirm this assignment. In CCCN, the first excited electronic state, A 2 ⌸, was previously estimated 4 to lie about 0.19 eV above the ground state, but in CCCCH it is apparently extremely close to ground, perhaps within a hundredth of an eV ͑Ref. 5͒; there are significant anomalies in the millimeterwave spectrum of CCCCH in vibrationally excited states that are possibly a consequence of this low-lying state. [6] [7] [8] To see whether this apparent difference between CCCCH and CCCN is reflected in the ground state as significant differences in bond lengths and hyperfine structure, and for a comparison with ab initio theory generally, we have undertaken a thorough study of the isotopic species of both molecules.
In the present paper, the effective ͑r 0 ͒ and substitution ͑r s ͒ structures of CCCCH and CCCN are derived from the data on various isotopic species. An equilibrium structure of CCCN is derived by converting the experimental rotational constants to equilibrium constants using vibration-rotation coupling constants calculated ab initio. The equilibrium geometry of CCCN is also obtained purely ab initio from largescale open-shell coupled cluster calculations. In addition, ab initio calculations of the excitation energy of the A 2 ⌸ state and dipole moments in the X 2 ⌺ and A 2 ⌸ states of CCCN and CCCCH are reported. In work being described elsewhere, the very precise millimeter-wave frequencies determined in the present investigation have enabled all of the single 13 C species of both carbon chains to be detected 9 in the astronomical source IRCϩ10216, and have allowed a detailed investigation of the hyperfine interactions in CCCCH described in the accompanying paper 10 ͑hereafter referred to as paper II͒.
The experimental part of the present work was done at Cambridge and the theoretical part at Göttingen.
II. EXPERIMENT
The rotational spectra of CCCCH and CCCN were observed with a millimeter-wave reactive molecule spectrometer 11, 12 which has been used to detect a number of hydrocarbon radicals and carbenes. Free CCCCH was produced in a dc glow discharge ͑ϳ0.6 A͒ through helium and acetylene at a temperature of 120 K and pressure of 30-40 mTorr. The 13 C species of CCCCH were first observed when 99.1% 13 C-enriched carbon monoxide ͑Isotec͒ was added to the discharge ͑in the molar ratio helium: acetylene: carbon monoxide of 7:14:4͒; it was subsequently found that the most intense lines could be observed with 13 C in natural abundance. The highest concentration of the 13 C isotopic species was observed in a discharge through helium, normal acetylene, and 13 C species of CCCCH observed with the 13 C-enriched acetylene sample were about 12 times weaker than corresponding lines of the normal species, but were 2 times stronger than those observed in the He/C 2 H 2 / 13 CO discharge. Free CCCN was produced in a dc discharge ͑ϳ0.4 A͒ through nitrogen and acetylene ͑in molar ratios of 10:7͒ at a temperature of 120 K and pressure of 40 mTorr. Under these conditions, the concentration of CCCN ͑ϳ1.6ϫ10 9 cm
Ϫ3
͒ is ϳ20 times less than CCCCH ͑ϳ3.3ϫ10 10 cm
͒, but the CCCN line intensity is only ϳ2.5 times weaker owing to the much larger magnitude of the equilibrium dipole moment of CCCN ͑Ϫ2.852 D versus 0.871 D; Sec. VI͒. Gottlieb et al. 3 found that when CCCN was produced in a room temperature discharge through nitrogen and cyanoacetylene ͑HCCCN͒ the lines were about 2.5 times stronger than those of CCCCH in a liquid-nitrogen-cooled discharge through helium and acetylene. It was not necessary to synthesize HCCCN, however, because the CCCN lines are nearly as intense in the N 2 /C 2 H 2 discharge and 99.9% 15 N-enriched nitrogen ͑Isotec͒ and 13 C-enriched acetylene provided a convenient means for observing the isotopic species of CCCN. Lines of the 13 C species were about 6 times weaker than the normal species, but the concentration of 13 CCCN, C 13 CCN, and CC 13 CN were nearly equal implying that they are formed either by a mechanism in which the carbon atoms are distributed randomly, or-by analogy with the formation of HCCCO in a He/C 2 H 2 /CO discharge 13 -by two or more mechanisms ͑e.g., a random process and an addition reaction͒ occurring simultaneously.
III. DATA AND ANALYSIS
The rotational spectra of the isotopic species of CCCCH and CCCN near 250 GHz could be predicted to about 50 MHz from the known spectra of the normal species, 3 with the isotope shifts found with the help of theoretical calculations of the lengths of the individual bonds of CCCCH by Wilson and Green 14 and CCCN by Botschwina et al. 4 Five to seven rotational transitions of each isotopic species were measured between Nϭ10→11 ͑at 101.5 GHz in CCCCH and 108.2 GHz in CCCN͒ and Nϭ31→32 in CCCCH ͑at 303.4 GHz͒ and Nϭ28→29 in CCCN ͑at 303.4 GHz͒. The signal-to-noise ratio for transitions near 300 GHz ranged from about 4 for 13 C lines of CCCCH observed in natural abundance to about 40 for CCC 15 N. All rotational transitions had well-resolved spin-rotation splittings; some had resolved hyperfine structure ͑hfs͒ as well. In all, between 9 and 20 lines were measured for each isotopic species, providing quite conclusive spectroscopic identification. A complete list of the rotational transitions is available from the Physics Auxiliary Publication Service ͑PAPS͒ of the American Institute of Physics. 15 The Fermi contact interaction is very large at the terminal carbon atom in both radicals; b F in CCCN is comparable to that in CCH ͑Ref. 16͒, but is about two times larger than in isoelectronic CCCCH, possibly owing to a higher degree of Nϭ26→27 transition in 13 CCCCH at 248 GHz; the same transition was split by ϳ5.1 MHz in 13 CCCN and hfs was also observed in C 13 CCN ͑see Fig. 1͒ . Observation of millimeter-wave lines at lower frequency generally yields a better determination of b F and the dipole-dipole hyperfine coupling constant c, but we were unable to observe 13 CCCCH below 137.8 GHz ͑Nϭ14→15͒ and C 13 CCN below 108.2 GHz ͑Nϭ10→11͒ owing to the ϳ 2 decrease in line intensity. Hfs could not be resolved when b F Շ60 MHz owing to pressure broadening and c was not determinable because only the two strongest ͑⌬Fϭ⌬N) hyperfine components were observed. Therefore, only an estimate of the hyperfine coupling constant b F could be determined from the millimeter-wave spectra of 13 CCCCH, 13 CCCN, and C 13 CCN. The Fermi contact and dipole-dipole hyperfine coupling constants for all four singly substituted 13 C species of CCCCH were subsequently measured by Fourier transform microwave spectroscopy ͑paper II͒; a similar investigation of CCCN, that should allow a detailed comparison with CCCCH and CCH, is underway.
The transition frequencies of CCCN ͑Ref. 15͒ were analyzed with the standard Hamiltonian for a 2 ⌺ molecule, 17 and the same set of rotation, centrifugal distortion, and spinrotation constants were determined for each isotopic species ͑Table I͒. A complete set of spectroscopic constants for the singly substituted 13 C species of CCCCH ͑Table II in paper II͒-including the hyperfine coupling constants b F and c-was derived from a global fit of the millimeter-wave data 15 and the Nϭ0→1 transition ͑Table I in paper II͒. The rms of the fits were comparable to the measurement uncertainties: 20-40 kHz for the 13 C species of CCCCH, about 30 kHz for the 13 C species of CCCN, and 11 kHz for CCC 15 N.
IV. GROUND STATE STRUCTURES OF CCCN AND CCCCH

A. The r 0 and r s structures
A structural investigation as here aims to determine a geometry that is isotopically invariant and free of zero point vibrational effects-i.e., an equilibrium ͑r e ͒ structure that can be directly compared with ab initio calculations. It is seldom feasible to determine the r e structure of a polyatomic molecule solely from measurements of its gas phase spectrum, so various semiempirical methods have been used to obtain ''near-equilibrium'' structures ͑see Harmony 18 for a review͒. If a molecule contains hydrogen and the vibrational frequencies are unknown, semiempirical methods generally yield structures that are no more accurate than the substitution ͑r s ͒ structure. As in our previous investigation 19 of the cumulene carbene H 2 CCC, the effective ͑r 0 ͒ and substitution ͑r s ͒ structures of CCCN and CCCCH were determined because they could be obtained directly from the experimental moments of inertia. In cyanoacetylene ͑HCCCN͒-a useful analog for CCCN-the r 0 and r s structures approximate well the r e structure. Because diacetylene ͑HCCCCH͒-the corresponding analog to CCCCH-is nonpolar, its structure cannot be derived from a rotational spectrum, but there is a recent high-level ab initio calculation of the equilibrium structure.
For the carbon chain radicals, we have adopted the atomic numbering scheme C ͑1͒ C ͑2͒ C ͑3͒ N and C ͑1͒ C ͑2͒ C ͑3͒ C ͑4͒ H. The bond lengths are represented as:
r͑3,N͒ w r͑C ͑3͒ N͒, and r͑4,H͒ w r͑C ͑4͒ H͒. The r 0 structures of CCCN and CCCCH were derived by least-squares fitting Kraitchman's equation 20 to the moments of inertia calculated from rotational constants of the isotopic species of CCCN ͑Table I͒ and CCCCH ͑Table II in paper II͒, on the assumption that these are linear radicals. The data for all the isotopic species were used in the fits, because even the middle carbon atoms are significantly displaced from the center of mass: by 0.6 Å or more. The uncertainties in the bond lengths were established by comparing the r 0 structure of HCCCN, determined from the normal and the singly substituted isotopic species by the same method, with the r e structure. 21 In HCCCN, the CC and CN bonds are within 0.003 Å of the corresponding bonds in the r e structure. By analogy with HCCCN and HCCCCH ͑Ref. 22͒, it is very likely that in CCCCH r 0 ͑4,H͒ is too short by ϳ0.005 Å. Although the CC and CN bonds in the r 0 structure of CCCN are nearly the same as those in the r e structure of HCCCN, the terminal CwC and the C-C bonds in the r 0 structure of CCCCH differ considerably from the corresponding bonds in the r e structures of both HCCCN and HCCCCH, possibly because the closed-shell acetylenic molecules HCCCN and HCCCCH do not have a low-lying excited electronic state equivalent to that in CCCCH.
The r s is generally better than the r 0 structure as an approximation to the r e structure, because it is determined from moment of inertia differences which result in partial cancellation of zero point vibrational effects. 23, 18 In HCCCN, CCCN, and CCCCH, however, the r s structure is essentially identical to the r 0 structure. Although the r 0 and r s structures of HCCCN and CCCN each agree with the r e structures, 22, 4 there remain small, but significant differences between the experimental structure of CCCCH and both the r e structure of its analong HCCCCH and the theoretical structure ͑to be described in Sec. IV C͒, which cannot easily be attributed to incomplete cancellation of zero point vibrational effects. Specifically, there is a pronounced decrease of the C-C bond and increase of the terminal CwC bond in CCCCH with respect to the corresponding bonds in HCCCN, HCCCCH, and CCCN.
B. Ab initio r e structures for CCCN
Ab initio calculations of the equilibrium structure of CCCN ͑X 2 ⌺͒ have been published by a number of authors and we refer to Ref. 4 for a discussion of the previous work. More recently, the results of UMP2 ͑second-order perturbation theory according to Mo "ller and Plesset with an unrestricted Hartree-Fock reference wave function͒ have been published by Francisco and Richardson. 24 As discussed in Ref. 4 , this method is inadequate for CCCN and yields inaccurate predictions of the spectroscopic properties.
We have now carried out more sophisticated calculations by means of open-shell coupled cluster ͑CC͒ theory, making use of the partially spin adapted formulation of Knowles, Hampel, and Werner ͑see Ref. 25 for details and references to earlier related work͒. In addition to coupled cluster theory with single and double excitation operators ͑termed RCCSD͒, the effects of connected triple substitution arising from the T 3 operator are accounted for economically in a noniterative manner through the variants ͓T͔ ͑Ref. 26͒, ͑T) ͑Ref. 27͒ and ϪT ͑Ref. 28͒. According to current experience, the latter two variants yield very similar results, while the variant ͓T͔ appears to have a tendency to overestimate the effects of connected triples. All electronic structure calculations described here were carried out with the MOLPRO94 suite of programs.
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Two different basis sets were used in the geometry optimizations. The smaller one comprises 120 contracted Gaussian-type orbitals ͑cGTOs͒ and corresponds to Dunning's 30 correlation consistent polarized valence triplezeta set ͑cc-pVTZ͒. This basis set has been used in the calculation of a complete cubic force field by means of the RCCSD͑T͒ method ͑valence electrons correlated͒. The large basis of 220 cGTOs corresponds to Dunning's 30 cc-pVQZ basis and is described as ͑12s, 6p, 3d, 2f, 1g͒ in contraction ͓5,4,3,2,1͔. Either valence electrons ͑/val͒ or all electrons ͑/all͒ were correlated in the RCCSD calculations. Adding the connected triple contributions ͓variant (T)͔ from the former sort of calculations to the latter ͑termed RCCSD/all͒ we arrive at ''RCCSD/allϩ͑T͒/val,'' which constitutes our most reliable theoretical result.
Ab initio equilibrium structures for CCCN are given in Table II . We concentrate on the results obtained with the large basis set of 220 cGTOs and quote only the RCCSD͑T͒/ val results from the calculations with the smaller basis. According to our previous work on similar molecules, 31-33 the CCCN equilibrium bond lengths obtained by ''RCCSD/all ϩ͑T͒/val'' should be accurate to better than 0.001 Å. They are in excellent agreement with the ''corr. II'' values in Ref. 4 , which correspond to slightly corrected CEPA-1 values. Inclusion of core and core-valence correlation effects decreases the equilibrium bond lengths by 0.0030-0.0045 Å. As is common for molecules with multiple bonds, the effects of connected triple substitutions are substantial: they increase r e ͑1,2͒ and r e ͑3,4͒ by 0.0094 and 0.0093 Å, respectively, and decrease the central bond length by 0.0034 Å. Almost identical values were previously obtained 31 for NCCN.
The cubic force field and spectroscopic constants for CCCN
The cubic force field of CCCN was calculated by RCCSD͑T͒/val with the cc-pVTZ basis set; it is given in the form
where the angles ␣ and ␤ measure the deviations from linearity-both are defined to have the same sign for a cislike distortion of the nuclear framework. The coefficients C i jklm ͑Table III͒, together with the RCCSD͑T͒/val cc-pVTZ equilibrium structure ͑Table II͒, were used to calculate the spectroscopic properties by conventional second-order perturbation theory in normal-coordinate space. The results for the most abundant isotopic species are given in ͑i͒ The CCC bending potential is rather shallow and strongly dependent on the length of the terminal CC bond. As Fig. 2 shows, an energy minimum at a non-linear geometry is obtained in a one-dimensional cut through the potential energy hypersurface for a change in r e ͑1,2͒ as small as ⌬r͑1,2͒ϭ0.05a 0 .
͑ii͒ Owing to the relatively small energy difference between the 2 ⌺ ground state and the first excited state A 2 ⌸ ͑Sec. V͒, there may be noticeable vibronic coupling which is not included in our calculations.
A mixed experimental/theoretical equilibrium structure for CCCN
Making use of vibration-rotation coupling constants for five different isotopic species of CCCN, calculated from the cubic force field of Table III, the differences ⌬B 0 ϭB e ϪB 0 were calculated as
where d i is a degeneracy factor: 1 for stretching and 2 for bending modes. The ab initio ⌬B 0 values were combined with the experimental B 0 values to obtain B e values and the corresponding equilibrium moments of inertia I e ͑Table V͒. The latter were used in the determination of the equilibrium structure by the method of least squares; the resulting structure ͑Table VI͒ is: r e ͑1,2͒ϭ1.2116 Å, r e ͑2,3͒ϭ1.3746 Å, and r e ͑3,N͒ϭ1.1609 Å.
Owing to the shallowness of the CCC bending potential and the strong dependence on the terminal CC bond length which makes application of second-order perturbation theory less appropriate, and to the possible effect on the experimental B 0 values of a nonadiabatic interaction between the (1,2) . 
C. RCCSD(T) calculations for CCCCH
For reasons of economy, we have restricted our RCCSD͑T͒ calculations on CCCCH to a linear arrangement of the nuclei and have made use of a basis of 129 cGTOs which corresponds to Dunning's cc-pVTZ basis set 30 exclusive of d functions at the proton. The resulting equilibrium geometry is: r e (1,2)ϭ1.2199 Å, r e ͑2,3͒ϭ1.3785 Å, r e ͑3,4͒ϭ1.2147 Å, and r e ͑4,H͒ϭ1.0645 Å. On the basis of our results for CCCN and similar molecules, the carboncarbon bond lengths are expected to be too long by 0.007͑1͒ Å. The error in the CH equilibrium bond length r e ͑4,H͒ may be estimated by comparison with the results of analogous CCSD͑T͒ calculations for diacetylene with the recommended value 37 of 1.0618 Å. Accordingly, the present RCCSD͑T͒ calculations for CCCCH will overestimate r e ͑4,H͒ by about 0.0029 Å. Thus, our best estimate for the equilibrium structure of CCCCH ͑Table VII͒ is r e (1,2) ϭ1.213͑1͒ Å, r e ͑2,3͒ϭ1.372͑1͒ Å, r e ͑3,4͒ϭ1.208͑1͒ Å, and r e ͑4,H͒ϭ1.062͑1͒ Å. The corresponding B e value of 4757
MHz differs from the experimental B 0 value by 2 MHz, which is consistent with previous results for HCCCN ͑Ref. 21͒ and HCCNC ͑Ref. 38͒. 2 
V. CALCULATION OF EQUILIBRIUM GEOMETRIES AND EXCITATION ENERGIES FOR THE
⌸ STATES
Smaller basis sets of 120 and 129 cGTOs have been employed in the geometry optimizations of the 2 ⌸ states of CCCN and CCCCH; the valence electrons were correlated in the RCCSD͑T͒ calculations. These results, as well as corrected equilibrium structures which should be accurate to about 0.001 Å, and previous ab initio calculations which take correlation effects into account, 4, 5, 39 are summarized in Table  VIII .
The theoretical ground state equilibrium structures for CCCN ͑Table VI͒ and CCCCH ͑Table VII͒ were employed in the calculation of the equilibrium excitation energies ͑T e ͒ of the 2 
VI. THEORETICAL DIPOLE MOMENTS
To determine accurately the intensities of rotational transitions, we have calculated the equilibrium dipole moments ͑ e ͒ for the two lowest doublet states of CCCN and CCCCH. Flexible basis sets of 156 cGTOs ͑CCCN͒ and 169 cGTOs ͑CCCCH͒ were used for this purpose. They result from augmenting the basis sets of 120 and 129 cGTOs by diffuse s, p, and d functions from the augmented cc-pVTZ sets of Kendall et al. 41 ͑referred to as aug-cc-pVTZ͒ and thus comprise 156 and 169 cGTOs, respectively. The calculations were carried out at the theoretical equilibrium geometries in Tables VI, VII, and VIII. Within the post-Hartree-Fock methods, the valence electrons are correlated and the electric dipole moment is calculated as an energy derivative.
The differences between the three variants accounting for connected triple substitutions are very small. We will take the RCCSD͑T͒ values as a reference in the following discussion. The present RCCSD͑T͒ values for the two doublet states of CCCN ͑Table X͒ are in good agreement with our previous CEPA-1 values 4 of Ϫ2.79 and 0.20 D. Electron correlation effects are of great importance for e of the 2 ⌸ state; their inclusion even leads to a change of sign. Electron correlation, however, has practically no effect on e of the 2 ⌺ ground state of CCCCH. On the basis of previous CCSD͑T͒ calculations ͑see, e.g., Refs. 4 and 42͒, the present RCCSD͑T͒ e values are probably accurate to about 0.01 D.
Owing to anticipated strong vibronic coupling in CCCCH, the ground state dipole moments 0 of the 2 ⌺ and 2 ⌸ state may differ significantly from the e values, but a realistic estimate of the differences is not possible at present.
VII. CONCLUSION
For CCCN, the theoretical structure and calculated spectroscopic constants in the ground and lowest bending state ͑ 5 ͒ are in good agreement with experiment. The equilibrium structure obtained purely ab initio from large scale RCCSD͑T͒ calculations agrees with a substitution ͑r s ͒ structure determined directly from the measured rotational constants. An equilibrium structure was also derived by converting the experimental rotational constants to equilibrium constants using vibration-rotation coupling constants calculated from the cubic force field. In determining the latter structure, possible effects of vibronic coupling between the X 2 ⌺ and A 2 ⌸ electronic states on the experimental rotation constants were neglected and the vibration-rotation coupling constants were calculated by second-order perturbation theory, even though the CCC bending potential is shallow and strongly dependent on the terminal CC bond length. Nevertheless, the CC bond lengths differ by only 0.002 Å from our best ab initio geometry, and there is very good agreement in the CN distance; in the 5 state, the calculated vibration-rotation coupling constant and l-type doubling constant are also in very good agreement with experiment. 36 For CCCCH, in contrast, our best theoretical equilibrium structure differs significantly from a substitution structure derived from six isotopic species. Although the CC bonds in the equilibrium structure are very similar to those in CCCN, Basis A: cc-pVTZ exclusive of d functions at H; Basis B: cc-pVQZ exclusive of g functions at C and N, of f functions at H and taking d͑H͒ from the cc-pVTZ set; Basis C: cc-pVQZ exclusive of f functions at H and d͑H͒ from the cc-pVTZ set. 
